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(57) ABSTRACT

A method for forming a dielectric film in a trench on a
substrate by plasma-enhanced atomic layer deposition
(PEALD) performs one or more process cycles, each process
cycle including: (i) feeding a silicon-containing precursor in
a pulse; (ii) supplying a hydrogen-containing reactant gas at
a flow rate of more than about 30 sccm but less than about
800 sccm in the absence of nitrogen-containing gas; (iii)
supplying a noble gas to the reaction space; and (iv) apply-
ing RF power in the presence of the reactant gas and the
noble gas and in the absence of any precursor in the reaction
space, to form a monolayer constituting a dielectric film on
a substrate at a growth rate of less than one atomic layer
thickness per cycle.
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1
METHOD FOR FORMING DIELECTRIC
FILM IN TRENCHES BY PEALD USING
H-CONTAINING GAS

BACKGROUND

1. Field of the Invention

The present invention generally relates to a method for
depositing a dielectric film in a trench of a substrate by
plasma-enhanced atomic layer deposition (PEALD). The
present invention also relates to a method for increasing a
sidewall coverage of a dielectric film deposited by PEALD.

2. Related Art

As a method of depositing a film having a good step
coverage, atomic layer deposition (ALD) using chemisorp-
tion of a precursor is commonly performed. In this method,
a film deposits more evenly in trenches of semiconductor
circuits than does a film by CVD or the like. However, in
plasma-enhanced atomic layer deposition (PEALD), since a
sidewall of a trench of a substrate undergoes less ion
bombardment than does a top surface of the substrate,
surface reaction at the sidewall is less active than on the top
surface, causing a problem that an etch rate of a film at the
sidewall is different from (higher than) that on the top
surface. In particular, when a precursor has an adsorption
inhibition problem due to e.g., the presence of hydrocarbon
components in the molecule of the precursor, the step
coverage of a film deposited on a sidewall becomes low (e.g.
40% or less).

Conventionally, by increasing the process temperature or
the like, the quality of a dielectric film (e.g., density,
hardness) deposited on a sidewall is improved so that the
etch rate at the sidewall can be decreased. However, the
improvement is partial, and the problem in different etch
rates between the sidewall and the top surface is not suffi-
ciently resolved.

Any discussion of problems and solutions in relation to
the related art has been included in this disclosure solely for
the purposes of providing a context for the present invention,
and should not be taken as an admission that any or all of the
discussion was known at the time the invention was made.

SUMMARY

In some embodiments of the present invention, the thick-
ness of film deposited on a target side of a trench of
semiconductor circuits (substrate) can be controlled. In
some embodiments, the thickness of film deposited on a
sidewall of a trench relatively increases, i.e., the thickness of
film deposited on a top (blanket) surface of the substrate
relatively decreases. In one approach, the thickness of film
on a sidewall of a trench can be controlled by controlling
chemisorption of a precursor on a surface using a
chemisorption-inhibitor gas to which the substrate is
exposed as a preliminary treatment before depositing a film
thereon, wherein functional groups exposed on the top
surface of the substrate are terminated by Si—H bonds using
a chemisorption-inhibitor gas such as hydrogen gas, thereby
interfering with chemisorption of the precursor on the top
surface and relatively increasing the deposition rate of film
on the sidewall. In some embodiments of the present inven-
tion, another approach other than the above approach is
taken, wherein when depositing a silicon-based dielectric
film such as a SiC or SiN film by PEALD, a hydrogen-
containing gas is used as a reactant gas so as to cause not
only deposition of a film but also etching of the film by a
plasma. Since more species excited by a plasma reach a flat
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surface, i.e., a top surface of a substrate and a bottom of a
trench of the substrate, than excited species reaching a
sidewall of the substrate, by controlling process parameters
including feed quantity of a precursor and intensity and
duration of a hydrogen plasma, controlling and balancing
deposition and etching of film can be accomplished pre-
dominantly on a flat surface, whereby the thickness of film
at the sidewall of the trench can be adjusted relative to the
thickness of film on the flat surface of the substrate (the
sidewall receives less effect of a plasma than does the flat
surface). In the above, a film is being deposited by excited
species of precursor while being etched by hydrogen and
argon plasma, for example.

For purposes of summarizing aspects of the invention and
the advantages achieved over the related art, certain objects
and advantages of the invention are described in this dis-
closure. Of course, it is to be understood that not necessarily
all such objects or advantages may be achieved in accor-
dance with any particular embodiment of the invention.
Thus, for example, those skilled in the art will recognize that
the invention may be embodied or carried out in a manner
that achieves or optimizes one advantage or group of advan-
tages as taught herein without necessarily achieving other
objects or advantages as may be taught or suggested herein.

Further aspects, features and advantages of this invention
will become apparent from the detailed description which
follows.

BRIEF DESCRIPTION OF THE DRAWINGS

These and other features of this invention will now be
described with reference to the drawings of preferred
embodiments which are intended to illustrate and not to limit
the invention. The drawings are greatly simplified for illus-
trative purposes and are not necessarily to scale.

FIG. 1A is a schematic representation of a PEALD
(plasma-enhanced atomic layer deposition) apparatus for
depositing a dielectric film usable in an embodiment of the
present invention.

FIG. 1B illustrates a schematic representation of a pre-
cursor supply system using a flow-pass system (FPS) usable
in an embodiment of the present invention.

FIG. 2 illustrates a PEALD process sequence according to
an embodiment of the present invention.

FIG. 3 illustrates a PEALD process sequence according to
another embodiment of the present invention.

DETAILED DESCRIPTION OF EMBODIMENTS

In this disclosure, “gas” may include vaporized solid
and/or liquid and may be constituted by a single gas or a
mixture of gases. Likewise, an article “a” or “an” refers to
a species or a genus including multiple species. In this
disclosure, a process gas introduced to a reaction chamber
through a showerhead may be comprised of, consist essen-
tially of, or consist of a precursor and a reactant gas. The
reactant gas may include a gas involving oxidizing and/or
nitriding the precursor when RF power is applied to the
reactant gas. The reactant gas can be introduced continu-
ously to a reaction space if it is not reactive to the precursor
without RF power. The precursor can be introduced with a
carrier gas such as a noble gas. A gas other than the process
gas, i.e., a gas introduced without passing through the
showerhead, may be used for, e.g., sealing the reaction
space, which includes a seal gas such as a noble gas. In some
embodiments, “film” refers to a layer continuously extend-
ing in a direction perpendicular to a thickness direction
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substantially without pinholes to cover an entire target or
concerned surface, or simply a layer covering a target or
concerned surface. In some embodiments, “layer” refers to
a structure having a certain thickness formed on a surface or
a synonym of film or a non-film structure. A film or layer
may be constituted by a discrete single film or layer having
certain characteristics or multiple films or layers, and a
boundary between adjacent films or layers may or may not
be clear and may be established based on physical, chemical,
and/or any other characteristics, formation processes or
sequence, and/or functions or purposes of the adjacent films
or layers. Further, in this disclosure, any two numbers of a
variable can constitute a workable range of the variable as
the workable range can be determined based on routine
work, and any ranges indicated may include or exclude the
endpoints. Additionally, any values of variables indicated
(regardless of whether they are indicated with “about” or
not) may refer to precise values or approximate values and
include equivalents, and may refer to average, median,
representative, majority, etc. in some embodiments. The
terms “constituted by” and “having” refer independently to
“typically or broadly comprising”, “comprising”, “consist-
ing essentially of”; or “consisting of” in some embodiments.

In the present disclosure where conditions and/or struc-
tures are not specified, the skilled artisan in the art can
readily provide such conditions and/or structures, in view of
the present disclosure, as a matter of routine experimenta-
tion.

In all of the disclosed embodiments, any element used in
an embodiment can be replaced with any elements equiva-
lent thereto, including those explicitly, necessarily, or inher-
ently disclosed herein, for the intended purposes. Further,
the present invention can equally be applied to apparatuses
and methods.

In this disclosure, any defined meanings do not necessar-
ily exclude ordinary and customary meanings in some
embodiments.

In some embodiments, the term “precursor” refers gen-
erally to a compound that participates in the chemical
reaction that produces another compound, and particularly
to a compound that constitutes a film matrix or a main
skeleton of a film, whereas the term ‘“reactant” refers to a
compound that activates a precursor, modifies a precursor, or
catalyzes a reaction of a precursor.

The dielectric film includes, but is not limited to, a low-k
film constituted by a silicon carbide such as SiC, SiCN, and
SiCON, a silicon oxide such as SiO, or a silicon nitride such
as SiN, having a dielectric constant of about 3 to 6, typically
about 3.5 to 4.5 In some embodiments, the dielectric film is
formed in trenches, vias, or other recesses including side
walls and bottom surfaces (collectively referred to as
“trenches”) by plasma-enhanced ALD or other plasma-
assisted cyclic deposition methods. The trench may have a
depth of about 10 nm to about 1,000 nm, typically about 100
nm to about 500 nm, and an aspect ratio of about 1 to about
10, typically about 2 to about 5 (e.g., a trench having a width
of'about 30 nm, a depth of about 110 nm, and an aspect ratio
of about 4, formed as a pattern in a silicon substrate). The
thickness of the deposited dielectric film may be in a range
of about 2 nm to about 500 nm, typically about 10 nm to
about 100 nm, more typically about 15 nm to about 30 nm
(a desired film thickness can be selected as deemed appro-
priate according to the application and purpose of film, etc.).

The embodiments will be explained with respect to pre-
ferred embodiments. However, the present invention is not
limited to the preferred embodiments.
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In an embodiment, in a method for forming a dielectric
film in a trench on a substrate by plasma-enhanced atomic
layer deposition (PEALD) performing one or more process
cycles, each process cycle comprises: (i) feeding a silicon-
containing precursor in a pulse to a reaction space where the
substrate is placed, said precursor being constituted by one
or more hydrocarbon-containing compounds selected from
the group consisting of: SiH,R,, Si,H,R,, SiR,X,, Si,R,
SiH;R, Si,H,R,, SiH,RX, C,HSiH,, C,H,SiH,,
C,H.,Si,H,, SiNHSiR,H,, SiNHSiR, and SiHX,R, wherein
each X is independently chain or cyclic CxHy, and each R
is independently chain or cyclic C.H,, cyclic N,CH,,
N(C,H,),, N(C,H,)H, O(C,H,), or OH, wherein x, y, and z
are integers (e.g., X is an integer of 1 to 5, y is an integer of
1 to 10, and z is an integer of 3 to 15); (ii) supplying a
hydrogen-containing reactant gas to the reaction space at a
flow rate of more than about 30 sccm but less than about 800
scem (e.g., about 50 scem to about 500 scem) in the absence
of nitrogen-containing gas; (iii) supplying a noble gas to the
reaction space; and (iv) applying RF power to the reaction
space in the presence of the hydrogen-containing reactant
gas and the noble gas and in the absence of any precursor in
the reaction space, to form a monolayer constituting a
dielectric film on a substrate at a growth rate of less than one
atomic layer thickness per cycle. The growth rate per cycle
or thickness of a monolayer refers to an average growth rate
per cycle calculated based on the measured thickness of a
deposited film and the number of cycles performed for the
deposited film, or based on the total growth rate of the
resultant deposited dielectric film. The one atomic layer
thickness refers to a theoretical thickness of one atomic layer
formed from a precursor gas without considering lamination
or the interface between monolayers. The term “monolayer”
refers to a layer formed by one process cycle of PEALD,
which may not be a continuous film.

In some embodiments, the growth rate of the monolayer
is less than about 0.1 nm per cycle (e.g., about 0.003 nm to
about 0.09 nm). In general, the theoretical one atomic layer
thickness is about 0.1 nm to about 0.5 nm, typically about
0.2 nm to about 0.3 nm. When the above-mentioned hydro-
carbon-containing compound is used as a precursor, due to
adsorption inhibition of the precursor by the hydrocarbon
components on a substrate surface, the average growth rate
of the film per cycle on a flat horizontal surface (a blanket
surface) becomes less than one atomic layer thickness. In
that case, in general, the growth rate of the monolayer on a
sidewall is even worse than that on the blanket surface,
resulting in a low step coverage on the sidewall (e.g., 40%
or less). However, according to some embodiments of the
present invention disclosed herein, the step coverage on the
sidewall can surprisingly be increased to 80% or higher.

In some embodiments, the precursor has a chemical
formula where at least one of X or R is an unsaturated
hydrocarbon having, e.g., a carbon double or triple bond. In
general, when the precursor includes more carbon atoms in
its molecule, i.e., including fewer hydrogen atoms, more
deposition of film takes place, rather than etching of film. In
some embodiments, the precursor has a cyclic structure. In
some embodiments, the precursor is one or more compounds
selected from the group consisting of: SiH,R, such as
dimethylsilane, divinylsilane, and dipyridylsilane; Si,H,R,
such as tertamethyldisilane; SiR,X, such as divinyldimeth-
ylsilane and dimethyldipyridylsilane; Si,R, such as hexam-
ethydisilane; SiH;R such as silylacetylene and allylsilane;
Si,H,R, such as divinyldisilane and dimethyldisilane;
SiH,RX such as viylmethylsilane; C;HSiH, such as sila-
cyclobutane; silacycloethane; disilacycloethane;
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SiNHSiR,H, such as tetramethyldisilazane; SINHSiR such
as hexamethyldisilazane; and SiHX,R such as dimethyl-
pridyldisilane.

In some embodiments, the reactant gas is hydrogen gas. In
some embodiments, the reactant gas is a hydrocarbon gas
such as hexane In some embodiments, the noble gas is
argon. A combination of H, and Ar is most effective in
counteracting deposition of film, wherein H, in a plasma
state likely causes chemical etching whereas Ar in a plasma
state likely causes physical spattering (bombardment at an
angle of about 45°) on the surface of a substrate. Thus, H,
in a plasma state is effective to etch predominantly a film on
a flat surface, whereas Ar in a plasma state is effective to etch
rather uniformly a film on the flat surface and a film at the
sidewall. Unlike Ar, He in a plasma state does not likely
cause physical spattering, and thus, a combination of H, and
Ar, rather than a combination of H, and He, is used in some
embodiments.

In some embodiments, a ratio of flow rate of the noble
gas, typically Ar, to flow rate of the hydrogen-containing
reactant, typically hydrogen gas, is about 5:1 to about 100:1,
preferably about 10:1 to about 60:1. In the above, the flow
rate of the noble gas includes a carrier gas for carrying a
precursor in addition to a dilution gas. When the flow rate of
the hydrogen-containing reactant, typically hydrogen gas, is
too low, etching effect is not sufficient to control growth rate
of film on a flat surface, whereas when the flow rate is too
high, etching effect is predominant and no film is deposited
on the flat surface.

When a hydrogen plasma is used, both the etching effect
and the deposition effect can be obtained, and can be
balanced by adjusting the flow rate of hydrogen, the number
of RF pulses per cycle, the feed of a precursor, etc. The
etching by a hydrogen plasma may occur as follows, for
example:

Si0,+4H—Si+2H,0,8i0,+2H—>Si+H,0,

Si+xH—SiH,

On the other hand, deposition by a hydrogen plasma may
occur via removing a ligand which promotes chemisorption,
and via formation of dangling bonds. Further, deposition
may occur through re-deposition of dissociated components
by etching.

In some embodiments, in step (iii), the noble gas is
supplied to the reaction space at a flow rate of about 1,000
sccm to about 5,000 scecm, preferably about 2,000 sccm to
about 4,000 sccm.

In some embodiments, the reactant gas is supplied con-
tinuously to the reaction space throughout each process
cycle. In some embodiments, the noble gas is continuously
supplied to the reaction space throughout the process cycle.

In some embodiments, in step (iv), no gas other than the
reactant gas and the noble gas is supplied to the reaction
space.

In some embodiments, in step (i), the precursor is fed in
an amount of about 0.00002 g/cycle to about 0.01 g/cycle
and in a pulse having a duration of about 0.1 seconds to
about 1.0 seconds. Since ALD is a self-limiting adsorption
reaction process, the number of deposited precursor mol-
ecules is determined by the number of reactive surface sites
and is independent of the precursor exposure after satura-
tion, and a supply of the precursor is such that the reactive
surface sites are saturated thereby per cycle. In other
embodiments the plasma may be generated remotely and
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provided to the reaction chamber. The feed amount of
precursor can be determined depending on the molecular
weight of precursor.

In some embodiments, each process cycle further com-
prises a purging step between steps (i) and (iv), and between
steps (iv) and (i) if the process cycle is repeated. In some
embodiments, in step (iv), RF power is applied to the
reaction space in two occurrences between which a purging
step is conducted (in some embodiments, three or more
occurrences per cycle). In some embodiments, in step (iv),
RF power applied to the reaction space is about 0.028
W/em?® to about 0.28 W/cm?, preferably 0.07 W/cm? to
about 0.21 W/cm?®. When a combination of H, and Ar is used
as a reactant gas, etching can occur at a low RF power. In
some embodiments, the duration of a pulse of RF power is
about 0.2 seconds to about 5 seconds, preferably about 0.5
seconds to about 1 second. The longer the duration of a pulse
of RF power, the greater the reduction of thickness becomes.
If application of RF power is divided into multiple sessions,
the reduction of thickness can significantly be lowered. By
adjusting the duration of RF power application and the
number of RF power applications per cycle, the step cov-
erage at the sidewall and on the flat surface can be desirably
adjusted.

In some embodiments, the temperature during the process
cycle is about 50° C. to about 500° C., preferably about 100°
C. to about 300° C.

In some embodiments, the dielectric film is a film of SiC,
SiCN, SiN, SiOCN, or SiO. For example, a SiN film can be
deposited when a precursor having a Si—N bond such as
silylamine compounds or aminosilane compounds is used,
whereas a SiO film can be deposited when a precursor
having a Si—O bond such as alkoxide compounds is used,
even when only hydrogen gas and argon gas are used as a
reactant gas.

In some embodiments, a sidewall coverage of the depos-
ited dielectric film is about 80% or higher, typically about
80% to about 130%, wherein the sidewall coverage is
defined as a ratio of thickness of film on a sidewall of the
trench to thickness of film on a blanket surface of the trench.

In some embodiments, a method for increasing a sidewall
coverage of a dielectric film deposited according to any
deposition method disclosed herein is provided, wherein in
step (1), the precursor is fed in a pulse having a first duration,
in step (ii), the reactant gas is supplied at a first flow rate, and
in step (iv), RF power is applied in a pulse having a first
duration, and the dielectric film has a first sidewall coverage,
said sidewall coverage being defined as a ratio of thickness
of film on a sidewall of the trench to thickness of film on a
blanket surface of the substrate, said method comprising: (a)
setting a second duration of the pulse of the precursor in step
(1), a second flow rate of the reactant gas in step (ii), and a
second duration of the pulse of RF power in step (iv),
wherein at least one of the second flow rate of the reactant
gas and the second duration of the pulse of RF power is
higher than the first flow rate of the reactant gas and the first
duration of the pulse of RF power, respectively, and/or the
second duration of the pulse of the precursor is shorter than
the first duration of the pulse of the precursor; and (b)
repeating steps (i) to (iv) using the second flow rate of the
reactant gas and the second duration of the pulse of RF
power, thereby depositing a dielectric film having a second
sidewall coverage which is higher than the first sidewall
coverage.

In some embodiments, the film is deposited by PEALD
under conditions shown in Table 1 below.
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TABLE 1

(the numbers are approximate)
Conditions for Deposition Cycle

Substrate temperature
Pressure
Precursor pulse

50 to 500° C. (preferably 100 to 400° C.)
100 to 1000 Pa (preferably 200 to 500 Pa)
0.1 to 3 Sec (preferably 0.1 to 1 Sec)

Precursor purge 0.3 to 10 Sec

Flow rate of reactant 50 to 1000 scem (preferably 100 to
(continuous) 300 scem)

Carrier gas e.g., argon

Dilution gas e.g., argon

Flow rate of carrier/
dilution gas (continuous)
RF power (13.56 MHz)
for a 300-mm wafer

RF power pulse (total)

1000 to 5000 scem (preferably
2000 to 4000 sccm)
50 to 200 W (preferably 50 to 150 W)

0.2 to 5 sec (preferably 0.5 to 1 sec)

Purge 0.1 to 2 Sec
Growth rate per cycle 0.005 to 0.08 nm/cycle
Total thickness [nm] 3 to 20 Nm

FIG. 2 illustrates a PEALD process sequence according to
an embodiment of the present invention. In this disclosure,
the width of each column does not necessarily represent the
actual time length, and a raised level of the line in each row
represents an ON-state whereas a bottom level of the line in
each row represents an OFF-state. The deposition cycle
includes steps of feeding a precursor to a reaction zone,
purging the reaction zone, applying RF power to the reaction
zone, and purging the reaction zone in this order, wherein a
purge/carrier gas is supplied continuously to the reaction
zone throughout the entire steps of the deposition cycle, and
a reactant gas for deposition is supplied continuously to the
reaction zone throughout the entire steps of the deposition
cycle. In the deposition cycle, steps of feeding the precursor,
purging the reaction zone, applying RF power to the reaction
zone, and purging the reaction zone can be repeated p times
(p is an integer of 5 to 100, typically 8 to 50), depending on
the target compositions and quality of the film, although
repeating is not required.

In this disclosure, the word “continuously” refers to at
least one of the following: without breaking a vacuum,
without being exposed to air, without opening a chamber, as
an in-situ process, without interruption as a step in sequence,
and without changing main process conditions, depending
on the embodiment. In some embodiments, an auxiliary step
such as a delay between steps or other step immaterial or
insubstantial in the context does not count as a step, and
thus, the word “continuously” does not exclude an interven-
ing auxiliary step.

FIG. 3 illustrates a PEALD process sequence according to
another embodiment of the present invention. In this
sequence, after the sequence illustrated in FIG. 2, the
deposition cycle further includes steps of applying again RF
power (“RF-2") to the reaction zone, and purging the
reaction zone in this order. In other words, application of RF
power illustrated in FIG. 2 is divided into two sessions, i.e.,
the application of RF power comprises a first application of
RF power, purging, and a second application of RF power.
In some embodiments, the application of RF power may
comprise more than two applications of RF power (e.g.,
three or four sessions). The first application and the subse-
quent application of RF power can be conducted in the same
manner or in different manners, e.g., at different pulse
durations (the first duration is shorter or longer than the
second duration), different intensities (the first intensity is
lower or higher than the second intensity), etc.

In the sequence illustrated in FIG. 2, the precursor is
supplied in a pulse using a carrier gas which is continuously
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supplied. This can be accomplished using a flow-pass sys-
tem (FPS) wherein a carrier gas line is provided with a
detour line having a precursor reservoir (bottle), and the
main line and the detour line are switched, wherein when
only a carrier gas is intended to be fed to a reaction chamber,
the detour line is closed, whereas when both the carrier gas
and a precursor gas are intended to be fed to the reaction
chamber, the main line is closed and the carrier gas flows
through the detour line and flows out from the bottle together
with the precursor gas. In this way, the carrier gas can
continuously flow into the reaction chamber, and can carry
the precursor gas in pulses by switching the main line and
the detour line. FIG. 1B illustrates a precursor supply system
using a flow-pass system (FPS) according to an embodiment
of the present invention (black valves indicate that the
valves are closed). As shown in (a) in FIG. 1B, when feeding
a precursor to a reaction chamber (not shown), first, a carrier
gas such as Ar (or He) flows through a gas line with valves
b and c, and then enters a bottle (reservoir) 20. The carrier
gas flows out from the bottle 20 while carrying a precursor
gas in an amount corresponding to a vapor pressure inside
the bottle 20, and flows through a gas line with valves f and
e, and is then fed to the reaction chamber together with the
precursor. In the above, valves a and d are closed. When
feeding only the carrier gas (noble gas) to the reaction
chamber, as shown in (b) in FIG. 1B, the carrier gas flows
through the gas line with the valve a while bypassing the
bottle 20. In the above, valves b, c, e, and f are closed.

The precursor may be provided with the aid of a carrier
gas. Since ALD is a self-limiting adsorption reaction pro-
cess, the number of deposited precursor molecules is deter-
mined by the number of reactive surface sites and is inde-
pendent of the precursor exposure after saturation, and a
supply of the precursor is such that the reactive surface sites
are saturated thereby per cycle. A plasma for deposition may
be generated in situ, for example, in an ammonia gas that
flows continuously throughout the deposition cycle. In other
embodiments the plasma may be generated remotely and
provided to the reaction chamber.

As mentioned above, each pulse or phase of each depo-
sition cycle is preferably self-limiting. An excess of reac-
tants is supplied in each phase to saturate the susceptible
structure surfaces. Surface saturation ensures reactant occu-
pation of all available reactive sites (subject, for example, to
physical size or “steric hindrance” restraints) and thus
ensures excellent step coverage. In some embodiments the
pulse time of one or more of the reactants can be reduced
such that complete saturation is not achieved and less than
a monolayer is adsorbed on the substrate surface.

The process cycle can be performed using any suitable
apparatus including an apparatus illustrated in FIG. 1A, for
example. FIG. 1A is a schematic view of a PEALD appa-
ratus, desirably in conjunction with controls programmed to
conduct the sequences described herein, usable in some
embodiments of the present invention. In this figure, by
providing a pair of electrically conductive flat-plate elec-
trodes 4, 2 in parallel and facing each other in the interior 11
(reaction zone) of a reaction chamber 3, applying HRF
power (13.56 MHz or 27 MHz) 20 to one side, and electri-
cally grounding the other side 12, a plasma is excited
between the electrodes. A temperature regulator is provided
in a lower stage 2 (the lower electrode), and a temperature
of a placed thereon is kept constant at a given temperature.
The upper electrode 4 serves as a shower plate as well, and
reactant gas (and noble gas) and precursor gas are intro-
duced into the reaction chamber 3 through a gas line 21 and
a gas line 22, respectively, and through the shower plate 4.
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Additionally, in the reaction chamber 3, a circular duct 13
with an exhaust line 7 is provided, through which gas in the
interior 11 of the reaction chamber 3 is exhausted. Addi-
tionally, a transfer chamber 5 disposed below the reaction
chamber 3 is provided with a seal gas line 24 to introduce
seal gas into the interior 11 of the reaction chamber 3 via the
interior 16 (transfer zone) of the transfer chamber 5 wherein
a separation plate 14 for separating the reaction zone and the
transfer zone is provided (a gate valve through which a
wafer is transferred into or from the transfer chamber 5 is
omitted from this figure). The transfer chamber is also
provided with an exhaust line 6. In some embodiments, the
deposition of multi-element film and surface treatment are
performed in the same reaction space, so that all the steps
can continuously be conducted without exposing the sub-
strate to air or other oxygen-containing atmosphere. In some
embodiments, a remote plasma unit can be used for exciting
a gas.

In some embodiments, in the apparatus depicted in FIG.
1A, the system of switching flow of an inactive gas and flow
of a precursor gas illustrated in FIG. 1B (described earlier)
can be used to introduce the precursor gas in pulses without
substantially fluctuating pressure of the reaction chamber.

In some embodiments, a dual chamber reactor (two sec-
tions or compartments for processing wafers disposed
closely to each other) can be used, wherein a reactant gas
and a noble gas can be supplied through a shared line
whereas a precursor gas is supplied through unshared lines.

A skilled artisan will appreciate that the apparatus
includes one or more controller(s) (not shown) programmed
or otherwise configured to cause the deposition and reactor
cleaning processes described elsewhere herein to be con-
ducted. The controller(s) are communicated with the various
power sources, heating systems, pumps, robotics, and gas
flow controllers or valves of the reactor, as will be appre-
ciated by the skilled artisan.

The present invention is further explained with reference
to working examples below. However, the examples are not
intended to limit the present invention. In the examples
where conditions and/or structures are not specified, the
skilled artisan in the art can readily provide such conditions
and/or structures, in view of the present disclosure, as a
matter of routine experimentation. Also, the numbers
applied in the specific examples can be modified by a range
of at least £50% in some embodiments, and the numbers are
approximate.

EXAMPLES

Asilicon carbide film was formed on a Si substrate (0300
mm) having trenches with an aspect ratio of 3.5 (a width of
30 nm, and a depth of 110 nm) by PEALD using a sequence
illustrated in FIG. 2 or 3, one cycle of which was conducted
under the common conditions shown in Table 2 (process
cycle) below using the PEALD apparatus illustrated in FIG.
1A and a gas supply system (FPS) illustrated in FIG. 2 with
the specific conditions and sequence indicated in Table 3.

TABLE 2

(the numbers are approximate)
Common Conditions for Process Cycle

Substrate temperature 300.° C.
Pressure 300 Pa
Carrier gas and dilution gas Ar
Reactant gas H,
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TABLE 2-continued

(the numbers are approximate)
Common Conditions for Process Cycle

2000 scem/1000 scem
(3000 scem total)

Flow rate of carrier/dilution gas
(continuous)

Purge after precursor feed pulse 1 sec
Purge after RF power pulse 1 sec
RF power 100 W
Target Thickness (nm) 10.
TABLE 3
(the numbers are approximate)
Feed RF H,
Feed amount pulse flow
Sequence (seconds) (g/cycle) (seconds) Precursor (scem)
*1 FIG. 2 1 0.04 1 DVDMS 0
*2 FIG. 2 0.1 0.004 1 DVDMS 800
*3 FIG. 2 1.0 0.002 1 HMDS 0
4 FIG. 2 1 0.002 1 HMDS 50
5 FIG. 2 0.8 0.0016 1 HMDS 50
6 FIG. 2 0.6 0.0012 1 HMDS 50
7 FIG. 2 0.5 0.001 1 HMDS 50
8 FIG. 2 0.1 0.0002 1 HMDS 50
9 FIG. 2 0.5 0.001 0.5 HMDS 50
10 FIG. 2 0.1 0.0002 0.5 each HMDS 50
11 FIG. 2 0.1 0.004 0.5each DVDMS 50
12 FIG. 2 0.1 0.004 1 DVDMS 50
13 FIG. 2 0.1 0.004 1 DVDMS 300
In Table 3, the Example numbers with “*” indicate

comparative examples. Each obtained film was evaluated.
Table 4 shows the results of evaluation. DVDMS is divi-
nyldimethylsilane, and HMDS is hexamethyldisilane.

TABLE 4

(the numbers are approximate)

GPC Sidewall Coverage
(nm/cycle) @AR3 (%) Remarks

*1 0.03 35% No damage
*2 — — Great damage
*3 0.12 40% No damage

4 0.07 80% No damage

5 0.05 85% No damage

6 0.02 94% No damage

7 0.009 125% No damage

8 0.006 130% Slight damage

9 0.007 130% No damage
10 0.004 150% No damage
11 0.06 85% No damage
12 0.02 115% No damage
13 0.01 130% No damage

In Table 4, “GPC” represents growth rate per cycle,
“Sidewall Coverage@AR3” represents a percentage of
thickness of film deposited on a sidewall relative to thick-
ness of film deposited on a blanket surface at a trench having
an aspect ratio of 3, and “Remarks” describes damage
observed on a surface of an underlying layer after deposi-
tion.

In the above examples, when no hydrogen gas was used
as a reactant in Example 1, the sidewall coverage was
significantly low, since no hydrogen gas was used, and
sufficient argon plasma did not reach the sidewall of the
trench, whereby sufficient active sites on the silicon-con-
taining hydrocarbon precursor were not formed at the side-
wall, i.e., the sidewall coverage was poor (35%). On the
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other hand, when excessive hydrogen gas (800 sccm) was
used in Example 2, etching took place particularly on the top
surface, and no film was deposited. However, when an
appropriate quantity of hydrogen gas was used in Examples
12 (50 scecm) and 13 (300 sccm), etching desirably took
place on the top surface, thereby interfering with deposition
of film on the top surface and significantly increasing the
sidewall coverage (115% in Example 12; 130% in Example
13). Further, when RF power was applied in two sessions in
Example 11, the etching effect by hydrogen gas became
weaker, and deposition by hydrogen gas was promoted. As
a result, the GPC was increased, especially at the sidewall,
thereby increasing the sidewall coverage (85%) as well as
the GPC (0.06 nm/cycle), as compared with Example 12 (the
sidewall coverage was 115%, and the GPC was 0.02
nm/cycle) and Example 1 (the sidewall coverage was 35%,
and the GPC was 0.03 nm/cycle). The above differences
between Examples 11 and 12 are opposite to those between
Examples 8 and 10 discussed below. This may be because in
Examples 11 and 12, the precursor possessed a carbon
double bond (vinyl), and when the double bond was opened
by a hydrogen plasma, chemisorption and formation of
dangling bonds could have been promoted, more than etch-
ing.

When the duration of feed pulse was increased from 0.1
second (Example 8) to 0.5 seconds (Example 7), 0.6 seconds
(Example 6), 0.8 seconds (Example 5), and 1.0 seconds
(Example 4), the GPC was increased accordingly from 0.006
nm/cycle (Example 8) to 0.009 nm/cycle (Example 7), 0.02
nm/cycle (Example 6), 0.05 nm/cycle (Example 5), and 0.07
nm/cycle (Example 4), whereas the sidewall coverage was
decreased accordingly from 130% (Example 8) to 125%
(Example 7), 94% (Example 6), 85% (Example 5), and 80%
(Example 4). When comparing Example 4 (with 50 sccm of
hydrogen gas) and Example 3 (with 0 sccm of hydrogen
gas), the GPC was lower in Example 4 (0.07 nm/cycle) than
that in Example 3 (0.12 nm/cycle), the sidewall coverage
was significantly higher in Example 4 (80%) than that in
Example 3 (40%) due to the etching effect of a hydrogen
plasma which was more prominent on the blanket surface
than the sidewall. When the duration of feed pulse was as
short as 0.1 second in Example 8, fine damage on the surface
of the substrate was observed. Further, when the duration of
RF power pulse was shorter in Example 9 (0.5 seconds) than
in Example 8 (1.0 second), the GPC was slightly increased
whereas the sidewall coverage was substantially unchanged.
Further, when RF power was applied in two sessions in
Example 10 as compared with Example 8 (one session), the
etching effect by hydrogen gas became stronger, and depo-
sition by hydrogen gas was least promoted. As a result, the
GPC was low (0.004 nm/cycle), as compared with Example
8 (0.006 nm/cycle). The above differences between
Examples 8 and 10 are opposite to those between Examples
11 and 12 discussed above. This may be because in
Examples 8 and 10, the precursor did not possess a carbon
double bond, and the etching effect of a hydrogen plasma
became more prominent by two-session application, result-
ing in lower GPC in Example 10 (0.004 nm/cycle) than that
in Example 8 (0.006 nm/cycle), and higher sidewall cover-
age in Example 10 (150%) than that in Example 8 (130%).

Accordingly, it was confirmed that by adjusting the dura-
tion of feed pulse, the duration of RF power pulse, and/or the
flow rate of hydrogen gas, the sidewall coverage and the
GPC can be desirably adjusted.

It will be understood by those of skill in the art that
numerous and various modifications can be made without
departing from the spirit of the present invention. Therefore,
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it should be clearly understood that the forms of the present
invention are illustrative only and are not intended to limit
the scope of the present invention.

We claim:

1. A method for forming a dielectric film in a trench on a
substrate by plasma-enhanced atomic layer deposition
(PEALD) performing one or more process cycles, each
process cycle comprising:

(1) feeding a silicon-containing precursor in a pulse to a
reaction space where the substrate is placed, said sili-
con-containing precursor being constituted by one or
more hydrocarbon-containing compounds selected
from the group consisting of: SiH,R,, Si,H,R,,
SiR,X,, Si,R¢, SiH;R, Si,H,R,, SiH,RX, C;HSiH,,
C,H,SiH,, C,H,Si,H,, SINHSiR,H,, SiNHSiR, and
SiHX,R, wherein each X is independently chain or
cyclic CxHy, and each R is independently chain or

cyclic C,H,, cyclic N,C H,, N(C.H,),, N(C,H,)H,
O(C,H,), or OH, wherein x, y, and z are integers;

(i1) supplying a hydrogen-containing reactant gas to the
reaction space at a flow rate of more than about 30 sccm
but less than about 800 sccm in the absence of nitrogen-
containing gas;

(iii) supplying a noble gas to the reaction space; and

(iv) applying RF power to the reaction space in the
presence of the hydrogen-containing reactant gas and
the noble gas and in the absence of any precursor in the
reaction space, to form a monolayer constituting a
dielectric film on a substrate at a growth rate of less
than one atomic layer thickness per cycle.

2. The method according to claim 1, wherein the growth

rate of the monolayer is less than 0.1 nm/cycle.

3. The method according to claim 1, wherein the precursor
has a chemical formula where at least one of X or R is an
unsaturated hydrocarbon.

4. The method according to claim 1, wherein the precursor
has a cyclic structure.

5. The method according to claim 1, wherein the silicon-
containing precursor is one or more compounds selected
from the group consisting of: dimethylsilane, divinylsilane,
dipyridylsilane, tertamethyldisilane, divinyldimethylsilane,
dimethyldipyridylsilane, hexamethydisilane, silylacetylene,
allylsilane, divinyldisilane, dimethyldisilane, viylmethylsi-
lane, silacyclobutane, silacycloethane, di silacycloethane,
tetramethyldisilazane, hexamethyldisilazane, and dimethyl-
pridyldisilane.

6. The method according to claim 1, wherein the reactant
gas is hydrogen gas.

7. The method according to claim 1, wherein the noble gas
is argon.

8. The method according to claim 1, wherein the reactant
gas is supplied continuously to the reaction space throughout
each process cycle.

9. The method according to claim 1, wherein the noble gas
is continuously supplied to the reaction space throughout the
process cycle.

10. The method according to claim 1, wherein a ratio of
flow rate of the noble gas to flow rate of the reactant is about
10:1 to about 60:1.

11. The method according to claim 1, wherein in step (iii),
the noble gas is supplied to the reaction space at a flow rate
of about 1,000 sccm to about 5,000 sccm.

12. The method according to claim 1, wherein in step (iv),
no gas other than the reactant gas and the noble gas is
supplied to the reaction space.

13. The method according to claim 1, wherein in step (i),
the silicon-containing precursor is fed in an amount of about
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0.00002 g/cycle to about 0.01 g/cycle and in a pulse having
a duration of about 0.1 seconds to about 1.0 second.

14. The method according to claim 1, wherein each
process cycle further comprises a purging step between steps
(1) and (iv), and between steps (iv) and (i) when the process
cycle is repeated.

15. The method according to claim 1, wherein in step (iv),
RF power is applied to the reaction space in two occurrences
between which a purging step is conducted.

16. The method according to claim 1, wherein in step (iv),
RF power applied to the reaction space is about 0.028
W/em? to about 0.28 W/em?,

17. The method according to claim 1, wherein the tem-
perature during the process cycle is about 50° C. to about
500° C.

18. The method according to claim 1, wherein the dielec-
tric film is a film of SiC, SiCN, SiN, SiOCN, or SiO.

19. The method according to claim 1, wherein a sidewall
coverage of the deposited dielectric film is about 80% or
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higher, wherein the sidewall coverage is defined as a ratio of 29

thickness of film on a sidewall of the trench to thickness of
film on a blanket surface of the trench.

20. A method for increasing a sidewall coverage of a
dielectric film deposited according to claim 1 wherein in

14

step (1), the precursor is fed in a pulse having a first duration,
in step (ii), the reactant gas is supplied at a first flow rate, and
in step (iv), RF power is applied in a pulse having a first
duration, and the dielectric film has a first sidewall coverage,
said sidewall coverage being defined as a ratio of thickness
of film on a sidewall of the trench to thickness of film on a
blanket surface of the trench, said method comprising:
(a) setting a second duration of the pulse of the precursor
in step (i), a second flow rate of the reactant gas in step
(ii), and a second duration of the pulse of RF power in
step (iv), wherein at least one of the second flow rate of
the reactant gas and the second duration of the pulse of
RF power is higher than the first flow rate of the
reactant gas and the first duration of the pulse of RF
power, respectively, and/or the second duration of the
pulse of the precursor is shorter than the first duration
of the pulse of the precursor; and
(b) repeating steps (i) to (iv) using the second flow rate of
the reactant gas and the second duration of the pulse of
RF power, thereby depositing a dielectric film having a
second sidewall coverage which is higher than the first
sidewall coverage.
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